The microstructural orientation and tenderness of edible offal and the psoas minor muscle from Dohne Merino sheep were compared in this study. Following evisceration and cleaning, fresh meat samples were collected from slaughtered lambs and ewes of different age groups and thermally processed to varying degrees of doneness using sous vide apparatus. A scanning electron microscope (SEM) was used for the characterization of the surface orientation and elemental composition. The results for tenderness showed that edible offal with anisotropic orientation had higher Warner-Bratzler shear force (WBSF) values, but those with some degrees of uniformity (isotropicity) in their surface orientation were comparatively tender. The rumen and trachea from the lambs, six-tooth and eight-tooth sheep at 10 -12, 23 -36 and 28 -48 months old at slaughter had the highest WBSF values among all the meat samples. Our findings showed that edible offal from the lambs with isotropic orientation was more tender and richer in protein than those from ewes. Also, processing the psoas minor muscle and edible offal with sous vide at 100 ºC in the shortest cooking time of 30 minutes had the greatest effect on tenderness of the meat samples. In descending order, the psoas minor muscle, liver and tongue from the lambs were found to be inherently more proteinaceous than other meat samples. The differences observed in the tenderness and protein contents of the edible offal and the psoas muscle could be attributed to variations in the microstructural organization of the muscle fibres in Dohne Merino and to their response to thermal processing.
Introduction
Sheep are domesticated ruminant mammals from the order of artiodactyla. Meat-based proteins that are derivable from artiodactyl or cloven-hooved species such as sheep are commonly obtained from the striated and non-striated muscles. Usually, multinucleated skeletal (striated) muscles, smooth (non-striated) muscles and cross-linked cardiac (striated) muscles from artiodactyl species are not eaten raw, but are converted into edible by-products using any processing method to unlock the inherent nutrients and overall palatability traits (O'Quinn et al., 2018; Shen et al., 2018) . The psoas muscles and edible offal are not inferior meat cuts from the pool of meat species, but repositories of nutrients with high biological value . Commonly referred to as fillet mignon or tenderloin, psoas muscles (major and minor) are colour-labile skeletal muscles, which act like hydraulic pumps for flexing and stabilizing the spines (Belskie et al., 2015; Kakarala et al., 2016) . Of the psoas muscles, psoas minor is a lean fusiform muscle, which originates from the lateral surface of the 12th thoracic (T12) and 1st lumbar (L4) regions and runs ventrally through the length of the vertebral column (Protas et al., 2017) . Edible offal is a generic term for non-carcass meat, which is otherwise known as the fifth quarters, variety meats, organ meats or entrails of butchered animals. Liver, heart, kidney, trachea, spleen, head, brain, pancreas, trotters, tongue, oesophagus, tail, sweetbreads and stomach lining from cattle, chickens, games, goats, pigs, and sheep are typical variety meats that are used to prepare several traditional dishes in offal cuisines (Fayemi & Muchenje, 2012) .
The famous Greek gyros, Southern American chitterlings, Turkish Arnavut Ciğeri, Kenyan mutura, and South African kerrie-afval and mala mogodu are delicacies that are often prepared from offal through conventional processing methods (Toldra et al., 2016; Erasmus & Hoffman, 2017) . In this study, the choice of the sous vide cooking device is based on its numerous benefits over traditional or conventional cooking methods. Sous vide is a convenient method of processing food in sealed, vacuumed and heat-stable pouches at programmable alarm of 1 o increments (Douglas, 2012; Pulgar et al., 2012) . The hermitic seal created in sous vide bags allows heat to be transferred efficiently from the water bath to the food, trapping off-flavour that may be caused by oxidation (Garcı´a-Linares et al., 2004; Badwin, 2011) . Cooking at a temperature higher than 50 ºC with a sous vide device minimises water and nutrient losses and retains the natural flavour, aroma, tenderness and other organoleptic properties. Sous vide processed products have a relatively stable shelf life (Hosahalli & Michélc, 2006; Garcia et al., 2008) . Hermetically sealed containers often inactivate undesirable enzymes and microbial toxins by hindering the activities of microorganisms that require oxygen (obligate aerobes) from causing food spoilage or health risks (Karel & Lund, 2003; Ayadi et al., 2009) . This method guarantees a cleaner working environment with minimum stress on the chef (Church & Parsons, 2000) . Despite its competitive advantages, knowledge is still limited of the association between sous vide cooking, tenderness, surface orientation and protein constituents in psoas minor muscles and edible offal from ovine species such as the Dohne Merino sheep breed.
In context, surface orientation is beneficial for describing the alignment of muscle fibre, appearance, processability and fracture behaviour of meat (Von Seggern et al., 2005) . Establishing the correlation between surface orientation and tenderness or intramuscular texture is important during meat processing as it helps to determine strategically the direction of the meat cut, making carving easier at butchery (Xia et al., 2007) . Scanning electron microscope (SEM) was used in this study to characterize the surface orientation and elemental composition of meat samples. SEM analysis uses a non-destructive type of electron microscope to produce images by scanning with a beam of electrons in the form of raster scan patterns (Egerton, 2005) . The electrons are designed to interact with atoms in the samples to produce signals that contain information about the surface morphology (or topography) and composition of the samples. Accelerated electrons in SEM carry significant amounts of kinetic energy, which is dissipated with a range of signals from electron-sample interactions. These signals include secondary electrons that produce SEM images and diffracted backscattered electrons for understanding the elemental composition and fibre orientation of samples. SEM micrographs produce magnification in the range of six order magnitude from 10 to 500 000 times (Anderhalt, 2007) . Dohne Merino was chosen as one of the highly prized composite ovine species in southern Africa (Swanepoel et al., 2004; Cloete et al., 2008; . There is no evidence of a relationship between fibre orientation, sous vide cooking and tenderness of edible offal and psoas minor muscle from this ovine species.
The objective of the study was to characterize the surface orientation and determine the effect of sous vide cooking on the tenderness of edible offal and psoas minor muscles from Dohne Merino ewes and lambs.
Materials and Methods
This study was conducted in compliance with the institutional guidelines by the Research Ethics Committee of the University of Fort Hare (UFH/UREC, 7-REC-270710-028), South Africa. A general chronological guide, known as the tooth-cementum method, was used to estimate the age groups of the sheep (AGFACTS, 2003) . One hundred and thirty-eight sheep were used, consisting of ewes (n = 69) and lambs (n = 69). The cementum method was used by grouping the animals as lambs, six-tooth sheep and eight-tooth sheep aged 10 -12 months (n = 46), 23 -36 months (n = 46) and 28 -48 months (n = 46), respectively. Fresh meat samples (psoas muscle and edible offal) were collected from a high-throughput abattoir from 1 to 30 minutes after slaughter. A range of 20 -40 g of the psoas minor muscle, liver, lung, heart, rumen, kidney, abomasum, rumen, omasum, reticulum, oesophagus, tongue, spleen, small intestine, and large intestine was excised from the slaughtered ewes and lambs. The excised meat samples were replicated or sub-divided into three cooking groups, namely rare, medium rare and well done. The samples were then vacuum sealed in plastic bags and submerged in a temperature-controlled water bath for cooking. Samples for the rare group were held in the sous vide device at 75 ºC for 60 minutes, those in the medium rare at 88 ºC for 45 minutes and the well-done group, at 100 ºC for 30 minutes, respectively. The minimum cooking regime of 75 ºC was adopted based on the recommendations by the Thermal Centre for Doneness of Meat of the American Meat Science Association (1995). To determine tenderness, meat samples were first cooled after cooking for an average of 10 minutes at room temperature. Sub-samples measuring 10 -15 mm diameter were cored from the samples, particularly the psoas muscle and liver. Coring was done parallel to the grain of samples and sheared perpendicularly to the fibre direction using a Warner-Bratzler shear force (WBSF) device mounted on an Instron ® electromechanical universal testing machine (3300-5900, crosshead speed 400 mm/minute, one shear in the centre of each core). A sharp scalpel was used to obtain an approximate 10 -15 mm size, which could not be cored with the WBSF device. Three replicate measurements were taken from each meat sample for the WBSF test.
With minor modifications, the procedures by Bozzola & Russel (1999) and Hayat (2000) were followed. The dehydration of samples for SEM was done by excising ≤ 5 g portions from each meat sample and fixing them in 10% formalin solution to ensure that the tissue ultrastructure remained intact prior to analysis. After the first fixation, the samples were re-fixed in 2.5% sodium cacodylate buffer glutaraldehyde (pH 7.2) at 4 ºC for 2 hours and post-fixed again with 1% sodium cacodylate buffer uranyl acetate for 120 minutes. Afterwards, distilled water was used to rinse the samples as a transitional solvent to prevent shrinkage of the sample in the process of dehydration in ethanol. Sequentially, each sample was held for 20 minutes in ethanol in ascending grades of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% to 100% during dehydration. A thin film of gold palladium was used for sputter coating to enhance X-ray microanalysis and improve electrical conductivity of the sample surface through SEM. Sputter coating and critical point drying of samples then followed, using the Hitachi critical point dryer HCP-2 (Hitachi Koki Co., Ltd., Tokyo Japan) to prevent the samples from distorting and to boost structural preservation. This was done by mounting the samples on aluminium stubs with double-sided carbon tape followed by sputter coating with gold palladium (Au-Pb) using the Eiko IB.3 ion coater (EIKO Engineering Co., Ltd., Japan). For highresolution images of edible offal and psoas minor muscles with sufficient contrast, a conductive coating was used to suppress surface charging, minimize radiation damage, and increase electron emission from the surface. The samples were finally observed under the SEM (JEOL JSM-6390LV) to determine surface micrographs and orientations. The elemental constituents of the samples were auto-generated by the Energy Dispersive X-Ray Spectroscopy of SEM. The crude protein (CP) value from each sample was obtained as derivatives of N-values using the equation:
Data were analysed using the PROC GLM procedures of SAS (version 9.1.3 of 2007). Significant differences were determined at P ˂0.05.
Results
The effects of sous vide cooking on the WBSF values of the intestinal offal from Dohne Merino sheep of various age groups are presented in Table 1 . The results showed clearly that there was limited variation in WBSF values in the meat samples. There were no significant differences (P >0.05) in the tenderness of the abomasum and rumen across the three age groups, except for marginal numerical variations in their WBSF values. Although the WBSF values for the reticulum were higher (P ˂0.05) compared with the values obtained from the large intestine and small intestine, the tenderness of these organs followed a similar pattern across age groups. The results imply that the reticulum, large intestine and small intestine of the lambs were more tender than those from the older sheep, which belonged to six-tooth and eight-tooth age groups. The uniqueness in the thickness of the omasal leaves for lambs, six-tooth and eight-tooth sheep contributed to the results obtained for the tenderness of the omasum in this study. The tenderness of all the intestinal offal consistently followed a similar pattern to those in the rare regimen group, which recorded the highest WBSF values. This implies that cooking the intestinal organs at a temperature of 100 ºC for 30 minutes produced the most tender meat.
Sous vide processing had a significant effect on the tenderness of only four (of the nine) samples of the non-intestinal offal ( Table 2 ). The tenderness of the psoas minor muscle, kidney, liver, lung and oesophagus followed a similar pattern because there were no differences (P >0.05) among samples from the lambs, six-tooth and eight-tooth sheep. The results showed that the tenderness of the heart, trachea, tongue and spleen was significantly (P ˂0.05) influenced by age group. In comparison with the younger sheep, higher WBSF values (P ˂0.05) recorded from the trachea, tongue and spleen showed that the muscle of eight-tooth sheep was tougher. As expected, the presence of tough cartilaginous rings in the trachea of the ewes contributed significantly (P <0.05) to the highest WBSF values, meaning that the trachea was tougher than other meat samples. The WBSF values for sheep at 10 -12 months and 23 -36 months old were statistically similar. It can thus be deduced that more mechanical force was expended on the non-intestinal samples, which had comparatively higher WBSF values, to cut through their fibres and cartilage during shearing. A general observation on the cooking regimens showed that most of the non-intestinal offal responded in a similar way to intestinal samples under the rare, medium rare and well-done degrees of doneness. Table 3 ). The results suggest that most of the intestinal samples from lambs were tender and thus required less WBSF for shearing after cooking. However, the WBSF values for the reticulum from lambs and ewes did not differ (P >0.05). Non-intestinal meat from the lambs was found to have lower WBSF values than that from the ewes. The results also showed that the psoas minor muscles from the lambs were more tender (P ˂0.05) than those from the ewes. Comparing the tenderness of meat samples under various cooking regimens, meat that was cooked at 75 ºC for 60 minutes had the highest WBSF values, indicating that the rare group produced the toughest meat. The effect of cooking regimen was significant (P ˂0.05) for most of the non-intestinal meat, except for the kidney (P >0.05) ( Table 4 ). The effect of cooking regimen on non-intestinal meat followed a similar pattern to the intestinal meat (Table 3) . Intrinsically, the trachea from ewes had the highest WBSF values (P ˂0.05) owing to the presence of tough and insoluble cartilaginous rings. All the meat samples in the rare group had the highest (P ˂0.05) WBSF values and those in the well-done group (P ˂0.05) had the lowest WBSF values. It could be deduced that organ meat that was cooked at a relatively lower temperature for longer produces tougher meat and vice versa. The distinctiveness and heterogeneity of surface orientations of various meat samples from psoas minor muscles and edible offal were revealed through the SEM. Two contrasting groups of surface orientations (namely, isotropic and anisotropic) were detected among the samples (Table 5) . Meat samples from ewes and lambs have varied orientations, as shown by scanning electron micrographs. Evidently, most structures are not isotropic in their surface orientation. While the physical and mechanical properties of meat samples with isotropic orientation exhibit uniform features or equality in directions, those that display anisotropic orientation were directionally dependent or manifested inequality in their properties along different axes. Although most of the samples exhibited anisotropic orientation, only the psoas minor, mouth muscle, reticulum and lung showed isotropic orientation. Typical anisotropic micrographs from the kidney and liver of Dohne Merino sheep are presented in Figure 1 . Micrographs (Figures 2A and 2B) suggested that the shapes of meat samples with isotropic orientation could be circular or longitudinal. While the mouth muscle showed a unipennate longitudinal isotropic orientation, the lung exhibited a circular isotropic orientation. The mouth muscle recorded the longest fibre length of 201.2 ± 0.54 µm among the scanned nonintestinal samples (Table 6 ). Except for minimal numerical variations, the fibre lengths of the reticulum, spleen and mouth muscle from the lambs and ewes were not significantly (P >0.05) different. In comparison with other samples, the lungs from the lambs recorded maximum (P <0.05) fibre thickness of 73.0 ± 0.90 µm. The fibre thickness of the spleen and kidneys from lambs and ewes did not vary significantly (P >0.05). Overlapping levels of protein were observed from all the meat samples ( Figure 3) . The intestinal and non-intestinal samples from ewes and lambs had various levels of nitrogen, cadmium, aluminium, arsenic, sodium, silicon and copper. The CP values were obtained by multiplying the N-value by 6.25. With the exception of the large intestine, as depicted by percentage of CP content, nitrogen (N) contents in samples from the lambs were higher (P <0.05) than those from the ewes. Among the intestinal offal, the highest amount of N was found in the rumen from the lambs. This amount was also responsible for the highest CP (P <0.05) level obtained from the rumen. The lowest N levels in the abomasum of ewes obviously account for the lowest amounts of CP (27.6 ± 0.09) in the same organ. Also, N levels in most of the non-intestinal offal from the lambs were higher than those from the ewes. The psoas minor had the highest (P <0.05) N contents among the non-intestinal offal which invariably agrees with the highest CP value (Figure 3) . Incidentally, the protein contents in the intestinal offal were found to be significantly higher (P <0.05) than those in the non-intestinal ones. 
Discussion
This study demonstrated that the sous vide method had varying effects on the tenderness of edible offal and psoas minor muscles under various cooking temperatures and durations. The intrinsic heat transfer and textural properties or mechanical behaviours of meat samples were influenced by the time-temperature dependent nature of the three cooking groups.. Significantly high WBSF values from some meat samples were consistence with previous findings on skeletal muscle where greater shearing force was required to shear the skeletal muscle of ovine species Walsh et al., 2010) . Except for marginal differences, the WBSF values obtained from the psoas minor muscle of ewes (34.2 ± 1.87) from the Dhone Merino were similar to those obtained from the musculus longissimus thoracis et lumborum (33.9) and semimembranosus (34.9) of castrated Tanzanian long fat-tailed sheep (Shirima et al., 2013) . Higher WBSF values from most of the samples from ewes could be attributed to the presence of a strong adhesive force in the connective tissues, low water-holding capacity, and an increase in cooking loss (Warner et al., 2007; Hong et al., 2015) . However, Purslow (2005) found that strong connective bonds in the muscles of older animals could impose higher resistance to denaturation of collagen during cooking. In contrast with the samples from the ewes, the weak structural linkage of the muscle fibres, collagen content and cellular matrix in the lambs might have contributed to their relative tenderness (Jeremiah et al., 1999) . As the cooking temperature rose above 160 ºF (71.11 ºC), the processes involved in dissolving the connective tissue collagen into gelatine were hastened. This accelerated the rate of gelatinization with the rise in cooking temperature and duration (Chiavaro et al., 2009) . Therefore, muscle fibres that had been held tightly together were tenderized and began to spread apart easily to produce succulent meat.
This phenomenon explains the reason that most meat samples cooked at 100 ºC for 30 minutes produced the most tender meat. It also agrees with a previous study in which skeletal meat that was cooked at a higher temperature for a shorter period produced the most tender meat (Combes et al., 2003) . By extension, the severity of the heat treatment is minimized and the quality of the food is improved under the aseptic processing conditions of high temperature and short time. Despite the disparity in slaughter age of Figure 3 Crude protein contents of edible offal and psoas minor muscle from Dohne Merino lambs and ewes the sheep, the rumen samples showed the highest degree of inflexibility against thermal treatment during sous vide cooking. The presence of the thick papillary muscle, ruminal pillars and sacs (namely, the cranial sac and ventral sac) might have restricted the water activity during cooking. A variation in tenderness for the rumen from lambs and ewes was not feasible since the thickness of the network formed by these muscular sacs was comparable. On the contrary, the inequality between the WBSF values of the reticulum from the lambs and older sheep suggested that the thickness of their mucosal layers and folds of tunica muscularis was not the same owing to age and physiologic differences. Since the thickness of the reticular walls develops with age, it is logical to relate the peculiarity in thickness of the inner oblique, middle circular and outer longitudinal layers of the reticulum to the age at which the lambs and ewes were slaughtered. The breed of the animal (Greiner et al., 2003) , the age at slaughter (Tateo et al., 2008) , the type of muscle that was cooked (Obuz & Dikeman, 2003) , and the amount of intramuscular fat and the length of sarcomere (Kemp et al., 2010) are other factors that contributed to the WBSF values.
Surface orientation or food microstructure is important in designing new products. Spatial arrangements and interrelationships between similar and dissimilar elements in food are vital to understand the physicochemical, technological and functional properties of food (Aguilera & Stanley, 1999) . Intrinsically, most meat samples examined under SEM displayed an anisotropic orientation, which was similar to activated muscular tissues in which most of the skeletal muscle fibres from the fascicle cross-sections were packed into bundles of anisotropic fibres (Van Doorn et al., 1996; Kocks, 2000; Anderhalt, 2007) . Several factors have been ascribed to the kinds of results obtained in the current investigation. The effect of excitation energy on molecular weight, binding state, viscosity, alignment between excitation and emission dipoles of meat samples influence those surface orientations that were observed under SEM (Kocks, 2000;  Ling et al., 2013) . While imaging high-contrast fluorescent protein, Sharafi & Blemker (2010) found rotational mobility (size) and the fluorescence lifetime of the protein were responsible for an anisotropic orientation. In their findings, Rizzo & Piston (2005) associated an anisotropic alignment with nutrient density, heat capacity, conductivity, textural patterns and peculiarities of the fusiform muscles in some muscle fibres. As opposed to anisotropy, the surface orientation in the small intestine, psoas minor, lung and mouth muscle showed a form of isotropic alignment. The circular isotropic orientation observed from the lungs of Dohne Merino sheep describes the typical kind of isotropy that is expected from the cardiac muscle. Nonetheless, a number of shapes such as flat bands, spindle shapes and even large protrusions have been detected from skeletal muscles through an SEM (Martini et al., 2008) . A concentric shape such as that displayed by the lung describes a different way in which samples with isotropic orientation can align around an opening or recess (Cao et al., 2010) . The oblique pattern of short fibres with the circular shape of the visceral layer shows the presence of inner pleura linings, outer parietal layer and clusters of microscopic air sacs (alveoli) (Gaige, 2007; Martini et al., 2008) . Each meat sample has its unique elemental map and nutrient composition. The nitrogen levels in the rumen, psoas minor and liver from the lambs were the highest among the meat samples. These amounts translated to a maximum crude protein contents of 72.5% from the rumen, 70% from the psoas muscle and 68.8% from the liver. The protein contents in these meat samples are indicators of their amino acid composition, flavour, physiochemical properties and nutritional quality.
Conclusion
The findings from this study established strong interrelationships between surface orientation, cooking temperature, timing and tenderness of the edible offal and psoas minor muscle from Dhone Merino lambs and ewes. It is evident that each anatomical part requires an appropriate mechanical force for shearing and that sous vide apparatus produced the tenderest meat from cooking at 100 ºC for 30 minutes. Admittedly, disparities in the ages and sex of the animals significantly influenced the tenderness of most meat samples under different cooking temperatures and durations. By using SEM to characterize the surface orientation, it was possible to generate surfaces with high resolution and predict the elemental composition of various meat samples. SEM made it easier to classify and describe the surface orientations and elemental compositions of edible offal and psoas minor muscles through energy dispersive X-and surface morphologies.
